Abstract-A numerical code is developed to study the effect of ion density and temperature (as well as ion pressure and temperature gradients) on the amplitude of the local maxima of the poloidal viscosity with respect to the poloidal Mach number using the model developed by Shaing [1]. The sum of the poloidal viscosity and ion-neutral collisions is determined from the dependence of the plasma radial current on the radial electric field in a biased electrode experiment. The experimental results in the interchangeable module stellarator agree qualitatively with the predictions of the numerical calculation regarding the effects of variation of ion density and temperature on viscosity.
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I. INTRODUCTION
O NE of the central challenges of the fusion program is improving the confinement time in toroidal magnetic devices. Improvement of the energy confinement through L-H transition was first discovered in axially symmetric divertor experiment (ASDEX) [2] . A jump in the radial electric field and formation of a large shear in the electric field at the plasma edge are among the characteristics of L-H transition [3] . One model to explain the jump in the radial electric field is based on the nonlinearity of the parallel viscosity at large flow speeds [4] .
Biased electrode experiments in tokamaks, [5] - [7] have shown that there is a sudden jump in the radial electric field during the L-H transition about a poloidal Mach number where is the speed of light, is the radial electric field, is poloidal magnetic field, and is the thermal velocity of ions) of unity. These experiments indicated that the viscosity in tokamaks is nonlinear. Spontaneous L-H transitions have also been reported in the Wendelstein VII-AS [8] , compact helical system (CHS) [9] , and H-1 [10] stellarators. The experimental results from the interchangeable module stellarator (IMS), presented previously [11] , indicate that viscosity in a stellarator is nonlinear too.
According to Shaing's model [1] the peak in the poloidal viscosity at a poloidal Mach number close to one in tokamaks occurs because of the purely toroidal modulation of the magnetic field. In addition to the peak in viscosity due to toroidal curvature, stellarators have additional local maxima much greater than one because of the helical modulation of the field.
In this paper, the effects of plasma parameters on the amplitude of viscosity at different poloidal Mach numbers in a tokamak and a stellarator geometry are studied. Increase in the amplitude of a local maximum in viscosity may provide a necessary condition for L-H transition to occur in a given magnetic confinement device. It is shown that the variation in plasma collisionality (through varying ion density and temperature) may alter the amplitude of the local peak in the viscosity. The ion pressure and temperature gradient at the plasma edge may break down the odd symmetry of the viscosity with respect to poloidal Mach number and increase the amplitude of the local maxima in viscosity for negative Mach numbers. The results of the biasing experiments in the IMS [12] confirm some of the predictions of the numerical calculations.
The outline of this paper is as follows: Section II reviews the theoretical background and Shaing's expressions for damping due to viscosity and ion-neutral collisions in a tokamak and in a stellarator geometry. The results of the numerical calculations are presented in Section III. Section IV discusses the IMS device and the diagnostics used in the experiments. The experimental results obtained by inducing plasma flows with a triangular voltage signal are presented in Section V. A summary and conclusions are presented in Section VI.
II. BACKGROUND
In steady-state, the poloidal momentum balance equation in Hamada coordinate system [13] can be written as:
- (1) where is the poloidal magnetic field, and are poloidal and toroidal contravariant components of the magnetic field, is the speed of light, is plasma current density, is the volume, is viscous stress tensor, -is the ionneutral collision frequency, and are ion density and mass respectively, and is the mass flow vector. The left side of (1) is the radial current flowing in the plasma. Normally in steady state this radial current is zero. However, when a probe inserted into the plasma draws a radial current, the rate of change of the electric field is proportional to the total probe current plus the plasma current. In steady state the total current, i.e., the sum of the plasma plus probe current, vanishes. This forces the plasma radial current in (1) to be nonzero [14] .
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where (3) and and are ion pressure and temperature, is the major radius, is the minor radius, is the Krook collision frequency, , , and are normalized flow (poloidal Mach number), pressure gradient, and ion temperature gradient, respectively, and are the poloidal and toroidal mode numbers, is the mode amplitude, is the thermal velocity, is the velocity of a particle, is the parallel component of the velocity of a particle, and is the safety factor on a magnetic flux surface.
According to (2) damping due to ion-neutral collisions depends linearly on and, hence, is dominant at higher flow speeds. Viscous damping, on the other hand, is dominant at lower flow speeds and diminishes at higher poloidal Mach numbers. Since damping due to viscosity and ion-neutral collisions are both functions of the poloidal Mach number, then according to (1) , the dependence of the plasma radial current on the radial electric field characterizes the total damping.
A simple physical picture of the local maxima in the viscosity can be understood based on the resonance term in the denominator of the energy integrals and or when is approximately equal to (4) where For a given helical harmonic described by , the term on the left side of (4) is the number of bumps in the magnetic field encountered by moving along the magnetic field line a distance once around poloidally. The term is the component of the parallel velocity in the poloidal direction. The left side of (4) is proportional then to the transit frequency of a particle in a magnetic ripple. Similarly, the term on the right is proportional to the transit frequency of the flow. The resonance occurs when the two transit frequencies are equal. For the case of a tokamak, the local maximum due to the toroidal curvature is located at For a stellarator, the local maximum due to the helical curvature along the magnetic field line is typically located at poloidal Mach numbers much greater than one (at Equations (2) and (3) also indicate that for the case of , viscosity is an odd function of the poloidal Mach number (note that the energy integrals and are even functions of Inclusion of ion pressure and temperature gradients breaks down this odd symmetry. In (3), the terms and in the energy integrals and represent the collisional and frequencies, respectively. In the limit of , the resonance effect of cannot be observed. Physically, this occurs when particles scatter out of the magnetic ripples because of the high collisionality. Note that the ion collisionality increases through a decrease in the ion temperature or an increase in plasma as well as neutral density. The resonance effect can be observed more clearly when
The competition between these frequencies also affects the amplitude of the local maximum in viscosity. The collisional term is linearly proportional to the ion-ion collision frequency
In this paper the normalized collisionality is given by the quantity , where is the ion-ion collision frequency and
III. NUMERICAL CALCULATIONS
The only nonlinear terms in (2) are the energy integrals and To investigate the dependence of the energy integrals on , the results of the numerical calculation of the energy integrals and for four different values of are shown in Fig. 1 . The solid, dash-dot, dashed, and dotted curves correspond to , 10, 30, and 100, respectively. For , both of the energy integrals have three local maxima at and The decay of both and at higher poloidal Mach numbers becomes less rapid as is increased. The amplitude of the local maxima also decreases when is increased. Fig. 2 shows the effects of ion pressure and temperature gradient and on the normalized viscosity as a function of poloidal Mach number for a tokamak geometry. For all of the curves shown in this figure, the same plasma parameters (i.e., ion density and temperature, major radius, and magnetic geometry) are used for the energy integrals. The dashed curves are for the case where both and are set to zero. Only positive values of and are considered here, since for most of the practical cases in tokamaks, ion pressure and temperature gradient decrease with an increase in the minor radius at plasma edge. Fig. 2(a) shows the effects of variation in pressure gradient on viscosity is set to zero). The dash dot and the solid curves correspond to and , respectively. Fig. 2(b) shows the effect of variation in ion temperature gradient on viscosity is set to zero). The dash dot and the solid curves correspond to and , respectively. Fig. 2(c) shows the effect of variation in both ion temperature and pressure gradient on viscosity. The dash dot and the solid curves correspond to and 1.0, respectively. All of these figures indicate that the odd symmetry of viscosity with poloidal Mach number breaks down and the amplitude of viscosity at negative Mach numbers increases as and are increased. In contrast to the poloidal viscosity calculations for a tokamak, which only has the toroidal curvature term in the magnetic field spectrum, we now consider the case of a modular stellarator, i.e., the IMS (further description of the IMS is given in the next section). Calculations of the viscous and ion-neutral damping in IMS were done based on a Fourier decomposition of the magnetic field in Hamada coordinates. Up to 57 harmonics are included for these calculations. Fig. 3(a) shows the viscosity curves as a function of poloidal Mach number for major radii cm (the magnetic axis is located at cm) in IMS for eV and cm (for the sake of simplicity, the pressure and ion temperature gradients are ignored). The poloidal viscosity increases with minor radius because the "bumpiness" of the magnetic field increases toward the plasma edge. There are two distinct local maxima for each curve. The local maximum which is located at for all of the major radii, is the toroidal peak due to the toroidal curvature term in the magnetic field spectrum The amplitude of this peak increases toward the plasma edge due to the increase in the magnitude of the mode amplitude with the minor radius in IMS and for cm, respectively). The amplitude of the safety factor decreases with minor radius in IMS and for cm, respectively). The dominant helical component of the spectrum at all major radii is and for cm, respectively). The location of the other local maximum, which we will refer to as the helical peak is at for and cm, respectively. The variation of the location of the helical peak as a function of major radius is a result of the IMS magnetic geometry in which becomes smaller at the edge. Viscosity vanishes at higher flow velocities for all major radii. Fig. 3(b) shows the total damping at for and torr. The damping due to ion-neutral collisions is proportional to and, therefore, the total damping is dominated by viscosity at lower poloidal Mach numbers. At higher poloidal Mach numbers, however, ion-neutral collisions becomes the dominant mechanism for damping of flows. At low neutral densities, e.g., torr, both the helical and the toroidal peaks (more clearly for negative poloidal Mach numbers) are present and the nonlinearity of viscosity due to the existence of these peaks does not vanish. For higher neutral density, the helical maximum in viscosity disappears. Fig. 3(c) shows the effect of variation in on viscosity at cm The amplitude of the toroidal peak decreases and the amplitude of the helical peak increases as is increased. The decrease in the toroidal peak is similar to the behavior of in Fig. 1 . Varying can provide a method to vary the relative magnitude of the two peaks. One important implication of this observation is that higher neutral densities will be required to diminish the helical peak when is increased, or, by increasing the diminished helical peak may reappear. In IMS, the input power can be varied over a wide range (0.5-6.0 kW), and this can result in production of plasma with different ion densities and temperatures. is more strongly dependent on the ion temperature rather than ion density
The effects of the ion pressure and temperature gradient on the viscosity in IMS are very similar to those described in the case of tokamaks.
IV. DIAGNOSTICS AND SETUP
IMS is a seven field period modular stellarator (where is the poloidal field period number), with 40 cm major radius and 4 cm average plasma radius. Hydrogen plasmas are produced with an electron cyclotron heating source (0.5-6.0 kW) operating at 9.31 GHz and the magnetic field strength Tesla. The neutral density can be varied in the range torr. Calculations of the neutral density profile indicate a fairly uniform profile since the mean free path for ionization (due to electron impact ionization and dissociation) is much greater than the minor radius. Typical plasma parameters are electron temperatures in the range of 6-20 eV, ion temperatures in the 2-8 eV range, and line average densities of 1-3 10 cm Plasma and floating potentials as well as electron density and temperatures are measured with a Langmuir probe. Line-averaged plasma density is monitored using a 35 GHz microwave interferometer. Ion temperatures The poloidal Mach number is derived by normalizing the radial electric field at cm with the product of the magnetic field strength , ion thermal speed , and the geometric factor At torr, the plasma radial current curve consists of three different intervals: it increases sharply in the interval, it decreases in the [15, 30] interval, and it increases in the [30, 110] interval. The slope of the radial current with respect to the poloidal Mach number is high, negative, and low in the first, second, and third interval, respectively. According to (1), the existence of both positive and negative slopes is an indication of the nonlinearity of the viscosity. The plasma radial current at torr consists of the same three intervals as well; however, the slope in the first and second intervals are smaller than those observed for the case when torr. At torr, however, the second interval (with negative slope) disappears and the amplitude of the radial current in the first interval becomes smaller. Measurements of ion temperature and line-average density in IMS show no dependence on neutral density. Therefore, according to (1), the reason for the difference in the magnitude and sign of the slopes for these curves is the change in neutral density. Fig. 5 shows the same set of data for kW. The measured ion temperature and density at kW are 7 eV and 2.8 10 cm , respectively The slope of the radial current curve for torr is high, negative (close to zero), and low in the and intervals. The radial current for torr consists of similar intervals. The slope of the curve for torr is nearly constant for all poloidal Mach numbers. Accordingly, an increase in neutral density diminishes the interval of zero or negative slope. Also, the drop in the radial current is diminished with an increase in input power. Fig. 6 depicts the plasma radial current versus poloidal Mach number for torr, (solid) and 1.0 (dash) kW, and torr, kW (dot). The measured ion temperature and density at kW are 1.8(2) eV and 1.0(1.5) 10 cm , respectively Lower ion temperatures and higher radial electric fields are the reasons for the wider range of poloidal Mach number, as compared to the other cases. Similar to Figs. 4 and 5, all of the curves consist of three distinct intervals: [5, 20] , [20, 30] , and [30, 150] . Intervals of negative slope do not exist at higher input powers for torr. The relative jump in the plasma radial current diminishes at higher input powers for torr.
VI. SUMMARY AND CONCLUSIONS
A numerical code has been developed to study the effects of the plasma parameters on viscosity in a tokamak and a stellarator geometry using an expression developed by Shaing. The numerical calculations indicate that: 1) the poloidal viscosity in IMS has two local maxima, the toroidal peak at and the helical peak at (at cm); 2) ion pressure and temperature gradient can break down the odd symmetry of the viscosity with respect to the poloidal Mach number and increase (decrease) the absolute value of viscosity for negative (positive) poloidal Mach numbers; 3) an increase in the plasma collisionality results in a decrease in the amplitude of the toroidal peak (in both tokamaks and classical stellarators) and an increase in the magnitude of the helical peak for the IMS case. 4) the local maximum of the total damping due to the nonlinearity of the parallel viscosity can be diminished by an increase in the neutral density. With respect to the prediction 1): a drop in the bias current due to the helical peak is observed. A more accurate determination of the radial electric field based on the measurement of plasma potential profile at kW (not shown here) indicates that the peak of viscosity due to the helical ripple is at in reasonable agreement with the numerical calculation [11] . No drop in the radial current due to the toroidal peak in the viscosity has been observed. The numerical calculations, however, predict two separate drops of the radial current due to the toroidal and the helical peaks. One of the implicit assumptions of Shaing's model is that the ion temperature and pressure gradients do not depend on the poloidal Mach number. The experimental results, however, show that the density gradient is dependent on the poloidal Mach number. A modification of Shaing's model, which includes the possibility of the dependence of the ion pressure and temperature gradients on the poloidal Mach number, may be required to explain the discrepancy between the theory and the experimental results for this case.
With respect to prediction 2): in another set of experiments, a preionization probe (LaB was used to inject electrons into plasma and create an electric field with the opposite sign as that induced with the bias probe. Bias voltages and currents up to 220 V and 900 mA were applied and radial electric fields in kV/m range were measured. The input power and the neutral density were varied in 2-5 kW range and 18-40 torr ranges. No drop in the radial current or jump in the radial electric fields was observed. The measured ion pressure and temperature gradients in the IMS were and for kW. These results support the hypothesis that nonlinearity of viscosity in IMS diminishes for positive poloidal Mach numbers (possibly due to high ion pressure and temperature gradients at the plasma edge in IMS).
According to the definition of the poloidal Mach number positive (negative) poloidal Mach numbers correspond to biasing the plasma edge with negative (positive) voltages. The experiments in continuous current tokamak [5] and tokamak experiment for technology oriented research [6] have shown that the radial current at which H mode is achieved with positive biasing is higher than that with negative biasing. Our numerical calculations suggest a possible explanation for this observation, namely, that this asymmetry may be caused by the effect of ion pressure and temperature gradient on viscosity at the plasma edge.
With respect to prediction 3): a decrease in the input power (from 5.5-0.5 kW) results in a net increase in the plasma collisionality
The ion-neutral collision cross section increases with a decrease in ion temperature in the 1-7 eV range [15] . According to (1) , the fact that the nonlinearity of viscosity in IMS can be observed more clearly at lower input powers is consistent with the hypothesis that the amplitude of the helical peak increases with an increase in plasma collisionality.
With respect to prediction 4): the experimental results presented in this paper indicate that the bifurcation of the radial electric field due to the nonlinear viscosity can be suppressed by an increase in the neutral density.
The study of parallel viscosity is important to understand how to improve the energy confinement time in toroidal magnetic devices such as tokamaks and stellarators. The work presented in this paper suggests that control of the plasma parameters and profile gradients, as well as the neutral density, is a possible means by which to modify the amplitude of the local maxima of the viscosity. (S'56-M'62-SM'72-F'78) 
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